Abstract-Superconducting thin films have a wide range of dc and RF applications, from detectors to superconducting radio frequency. Amongst the most used materials, niobium (Nb) has the highest critical temperature (T C ) and highest lower critical field (H C 1 ) of the elemental superconductors and can be deposited on a variety of substrates, making Nb thin films very appealing for such applications. Here, we present temperature-dependent dc studies on the critical temperature and critical fields of Nb thin films grown on copper and r-plane sapphire surfaces. Additionally, we correlate the dc superconducting properties of these films with their microstructure, which allows for the possibility of tailoring future films for a specific application.
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I. INTRODUCTION
N IOBIUM thin films are attractive for a number of applications, including DC and RF detectors as well as superconducting radio frequency (SRF) cavity coatings, among other SRF applications [1] , [2] . Bulk niobium (Nb) has both the highest critical temperature, T C (9.23 K), and the highest lower critical field, H C1 (0) (1800 Oe), of the elemental superconductors, but the constrained geometry of thin films can change these properties. Understanding the effect of the microstructure -e.g. lattice parameter, grain size, and mosaicity -on the superconducting properties of Nb thin films opens the possibility of tailoring these films for specific applications and allows for predictions of film performance simply from structural characterization. This study correlates the microstructure of epitaxial Nb thin films grown on r-cut sapphire (r-Al 2 O 3 ) and several types of copper (Cu) surfaces with their DC superconducting performance; additional work is underway to further correlate this with RF performance. 
II. EXPERIMENTAL

A. Film Growth
The Nb films studied here range from 1-2 μm thick and were grown on r-Al 2 O 3 and four types of Cu surfaces -singlecrystal (110) and (111) and polycrystalline fine-grained and large-grained -via electron cyclotron resonance (ECR) [3] , [4] at 360°C. The films on r-Al 2 O 3 (nucleation at 124 eV) and polycrystalline Cu (nucleation at 184 eV) were grown with an ion energy of 64 eV; the films grown on single-crystal Cu were coated at an ion energy of 184 eV.
r-Al 2 O 3 provides a high-quality surface for film growth, and other Nb-based superconducting films grown on r-Al 2 O 3 have had very high thickness uniformity [5] . Additionally, Nb/rAl 2 O 3 films have been shown to have a residual resistance ratio (RRR) more than one-and-a-half times larger than bulk Nb [6] . Cu is a popular choice for Nb films due to its applicability in SRF cavity coatings, but because the structure of the chosen Cu surface affects the resulting Nb film, studying a variety of Cu surfaces is most useful. In general, films grown on single-crystal Cu(111) surfaces perform better than those grown on the other three Cu surfaces used [6] , but growing on such a specific type of substrate may not always be feasible, hence the need for information on single-crystal Cu(110) and polycrystalline surfaces.
B. Microstructure Via X-Ray Diffraction
Structural characterization via X-ray diffraction (XRD) was performed with a PANalytical Empyrean x-ray diffractometer. Using Bragg's Law [7] and the Scherrer equation [8] , it is possible to calculate the out-of-plane lattice parameter and the average out-of-plane grain size, respectively; XRD also provides information about the mosaicity, or degree of disorder among highly-oriented grains in a film. Representative high-angle 2θ-ω scans for a typical Nb film grown on polycrystalline Cu and one grown on r-Al 2 O 3 are shown in Fig. 1 . For the films grown on single-crystal Cu(110) and (111), the primary Cu reflections seen were Cu(022) and Cu(111) respectively, although small contributions from other orientations of Cu were also observed. The microstructural information obtained from the strongest Nb reflection in each sample is summarized in Table I , with the Sample ID indicating which type of substrate was used. The lattice parameter for bulk Nb is also included for reference; it is important to note that all samples exhibited strain, indicated by a greater-than-bulk lattice parameter.
C. Determination of T C and H C1 -SQUID MPMS
A Quantum Design magnetic property measurement system (MPMS) superconducting quantum interference device (SQUID) magnetometer was used to first measure the DC critical temperature (T C ), given for each sample in Table I . Then careful measurements were made of the magnetization (M, in emu) with respect to applied field (H, in Oe) at five different temperatures (2, 4, 6, 8, and 8.9 K), all below the T C of the films, following the method outlined in [9] . In this method, for each value of applied field, the sample is cooled to the specified temperature and a zero-field measurement of M is made. Then the given field is applied and another measurement of M is made, before the field is removed and a final zero-field measurement is taken and the sample is warmed above its T C . H C1 was then determined by subtracting the first zero-field measurement from the one taken after the field was first applied and then removed; H C1 is the applied field at which this difference deviates from zero, i.e. the applied field at which there is a remnant field in the sample. This method, unlike the typical one in which H C1 is determined from when the M-H curve begins to deviate from the Meissner slope, accounts for flux pinning and thus gives a more conservative value for H C1 . Even so, both methods give at least a slight underestimate of the true value of H C1 , as surface quality and sample alignment are crucial in these DC measurements. Any field not parallel to the film's surface will introduce perpendicular magnetic field pinning, making H C1 appear lower than it is in actuality; thin films will not have completely smooth surfaces, and absolutely parallel alignment is not practically achievable, so there will always be some non-parallel field components in these DC measurements.
The H C1 data, plotted in Fig. 2 , were then fit with [10] , [11] where all temperatures are given in Kelvin (K) and all fields are in Oe, in order to determine the zero-T value for H C1 , H C1 (0), given in Table I . While the upper critical field, H C2 , of each film was not explicitly a value of interest, rough measurements were made at the same five temperatures given above and the resulting data were fit with [11] , [12] 
to provide an estimate of H C2 (0) to further quantify the superconducting qualities of the films. These values are all greater than the bulk value for Nb [10] - [12] and are included in Table I . Table I ; the solid line in (a) is a linear fit of the data with correlation coefficient |r| = 0.96.
D. Structure-Property Correlation
All of the samples studied have a T C greater than that of bulk Nb, showing that all types of substrate used produce viable superconducting films. Fig. 3(a), (b) , and (c) plot T C against the lattice parameter (in Angstroms), average out-of-plane grain size (in nm), and mosaicity (in degrees), respectively, for each film studied. In Fig. 3(a) , there is a clear linear relationship between the lattice parameter and the T C of a Nb film; this also indicates that a film with a lattice parameter slightly lower than bulk could still have a bulk or higher T C . Fig. 3(b) and (c) suggest that films with smaller grain sizes and higher degrees of disorder, respectively, have higher T C values. Table I , while the bulk value of H C 2 (0) itself, given in Table I , is below the range of the plots; solid lines are linear fits of the data with correlation coefficient |r| = (a) 0.85 and (c) 0.76.
In Fig. 4 , we consider the effect of the same three microstructural properties on H C1 (0), obtained from eq. (1). In Fig. 4(a) , we again see a linear relationship between the lattice parameter and the superconducting properties of the film, although here, films with more bulk-like lattice parameters have higher H C1 (0). There is no clear relationship between average grain size and H C1 (0) as plotted in Fig. 4(b) , although the films with smaller grains, between approximately 30 and 40 nm, performed better than the film with 77 nm grains. There is also no obvious trend in the mosaicity versus H C1 (0) data in Fig. 4(c) . 5 shows the effect of the microstructure on H C2 (0). As mentioned above, the measurements of H C2 (T) were not as precise as those of H C1 (T), leading to larger error in the determination of H C2 (0). Even so, all calculated values for H C2 (0) are several thousand Oe above the bulk value of 2800 Oe, meaning that films of this quality will retain some improvement of conductivity (i.e. remain in the mixed state) at larger fields than bulk Nb. Fig. 5(a) shows a similar trend in H C2 (0) as does Fig. 4(a) -the more bulk-like the lattice parameter, the higher the H C2 (0) -and the results shown in Fig. 5(b) are nearly identical to those in Fig. 4(b) , with 30 to 40 nm grained films performing better than the larger grained film. In Fig. 5(c) , however, we do see a relationship between mosaicity and H C2 (0) -the more ordered the film, the higher the upper critical field.
III. CONCLUSION
In this study, we correlate T C , H C1 (0), and H C2 (0) with the lattice parameter, average out-of-plane grain size, and mosaicity of Nb films grown on r-Al 2 O 3 and a variety of Cu substrates. All of the films studied, regardless of the surface on which they were grown, had a T C higher than that of bulk Nb; in order to enhance this further, Nb films need small, disordered grains, and slightly strained lattice parameters. For more bulk-like H C1 values, however, the films must have a lattice parameter close to bulk and relatively small, well-ordered grains. These trends, combined with future studies further correlating these properties with RF superconducting behavior, can be used in future film growth to attempt to produce films with specific superconducting properties for applications such as detectors and SRF cavity coatings by balancing the need for a higher T C or H C1 .
